We identified the zebrafish fast1 gene by PCR with degenerate primers corresponding to conserved sequences in the winged-helix domain of frog Fast-1 and mouse Fast-2/Fast-1 [13, 16, [18] [19] [20] . The amplified fast1 fragment was used to screen a zebrafish gastrula cDNA library. Two overlapping cDNA clones were used to assemble the complete fast1 open reading frame (ORF), which is predicted to encode a protein of 472 amino acids. The predicted zebrafish Fast1 protein is 33% identical to frog Fast-1 over its whole length and 74% identical in the winged-helix domain (Figure 1a ).
Results and discussion
We identified the zebrafish fast1 gene by PCR with degenerate primers corresponding to conserved sequences in the winged-helix domain of frog Fast-1 and mouse Fast-2/Fast-1 [13, 16, [18] [19] [20] . The amplified fast1 fragment was used to screen a zebrafish gastrula cDNA library. Two overlapping cDNA clones were used to assemble the complete fast1 open reading frame (ORF), which is predicted to encode a protein of 472 amino acids. The predicted zebrafish Fast1 protein is 33% identical to frog Fast-1 over its whole length and 74% identical in the winged-helix domain ( Figure 1a ).
Mutations in the zebrafish nodal-related genes squint (sqt) and cyclops (cyc) and the Nodal co-factor gene one-eyed pinhead (oep) lead to cyclopia [1, 3, 4, 9, [26] [27] [28] [29] . Zygotic schmalspur (Zsur) mutants have a similar phenotype, which variably includes cyclopia, lack of floor plate, loss of posterior prechordal plate, failure to establish cardiac asymmetry and left-sided gene expression, and ventral curvature of the body axis [21] [22] [23] [24] [25] . To test fast1 as a candidate for the sur gene, we examined segregation of a fast1 polymorphism in a sur m768 mapping cross. The fast1 gene co-segregated with sur (no recombinants among 126 meioses), indicating that fast1 is tightly linked to the sur locus (Figure 1b,c) . Sequence analysis of the fast1 ORF in sur m768 mutants identified a G to A transition that changes an Arg (CGT) residue in the wild-type to His (CAT) in the mutant allele (Figure 1a,d ). This Arg residue is in the winged-helix domain and is conserved in Fast proteins from frog, mouse and human, suggesting that the Arg→His change would reduce or eliminate activity of the Fast1 protein.
We performed RNA microinjection experiments to test if expression of wild-type fast1 can rescue Zsur mutants and to determine if the Arg→His change in the sur m768 allele eliminates this rescuing activity. Embryos from sur m768 /+ intercrosses were microinjected with synthetic fast1 mRNA. The Zsur mutant phenotype was scored at 3 days post-fertilization, when mutants have a ventrally curved body axis (Figure 2b ). The mutant phenotype was incompletely penetrant: 17% of control embryos injected with lacZ displayed the mutant phenotype, instead of the 25% expected for a fully penetrant mendelian recessive mutation. Only 5.3% of embryos injected with wild-type fast1 RNA displayed the axial curvature phenotype, indicating that fast1 expression can rescue Zsur mutants (Figure 2c) . In contrast, a fast1 construct (fast1-m768) engineered to contain the G to A change in the sur m768 allele did not have detectable rescuing activity, as a similar fraction of embryos injected with lacZ (13%) and fast1-m768 (14%) displayed the Zsur mutant phenotype (Figure 2c ). This result confirms that the Arg→His substitution in the sur m768 allele reduces or eliminates the function of the Fast1 protein. On the basis of genetic linkage analysis, identification of the molecular lesion in the sur m768 mutant allele, and the ability of synthetic fast1 mRNA to rescue sur mutants, we conclude that fast1 is the sur gene.
To determine the temporal and spatial expression pattern of fast1, we performed whole-mount in situ hybridization with an antisense fast1 RNA probe. Transcripts were detected at the two-cell stage (Figure 3a) , indicating that fast1 is expressed maternally. fast1 is expressed widely through the blastula and early gastrula stages (Figure 3b,c) . At mid-gastrulation (75% epipoly, 8 hours post-fertilization, hpf) fast1 is still widely expressed but expression levels are higher on the dorsal side (Figure 3d ). At bud stage (10 hpf) expression is apparent along the midline (Figure 3e ), and diffuse label is apparent laterally. By the six-somite stage (12 hpf) expression becomes restricted to the midline and lateral plate mesoderm (Figure 3f ). The expression domain in the lateral plate broadens as somitogenesis proceeds (Figure 3g ). At the 11-somite stage (14.5 hpf), a small additional domain of expression is evident in the region of the dorsal diencephalon ( Figure 3h ). By the 19-somite stage (18.5 hpf) the expression domains in the lateral plate and midline diminish but the forebrain expression persists (Figure 3i ). At 24 hpf expression of fast1 was not detected (data not shown). The expression pattern of fast1 is similar to that of oep, which is also supplied as a maternal RNA, expressed widely at The gel shows wild-type and mutant embryos scored for an RsaI polymorphism in a PCR-amplified fragment of fast1. The RsaI site is present on the sur mutant chromosome, producing a fragment that is shorter in length than the wild-type product. All embryos with the sur mutant phenotype were homozygous for the sur mutant allele. One embryo genotyped on the gel shown was homozygous for the sur m768 mutant chromosome but had a wild-type appearance when phenotypes were scored at approximately 3 days post-fertilization. Size marker lanes (m) contain a 100 bp ladder. early stages, and then confined to the notochord, lateral plate, and diencephalon during somitogenesis [29] .
To test for possible maternal functions of fast1, we analyzed the progeny of homozygous sur m768 adult females, which were obtained from RNA injection rescue experiments or as surviving progeny from sur m768 /+ intercrosses. Heterozygous sur m768 /+ embryos lacking maternal sur function (Msur embryos) were morphologically indistinguishable from wild type (Figure 4a,b) , indicating that maternal fast1 is not required for normal embryonic development. Homozygous sur m768 progeny of homozygous sur m768 females (maternal-zygotic sur embryos, MZsur) have, however, a more severe phenotype than zygotic sur mutants, indicating that maternal fast1 can partially compensate for the loss of zygotic sur function. MZsur mutants have cyclopia (49 cyclopic embryos among 55 MZsur mutants examined) and disrupted or absent notochords (Figure 4c,d) , preceded by a reduction of dorsal mesodermal marker gene expression (Figure 4f,h,j,l) . No MZsur mutants were observed to progress to the larval stage (n = 55), but trunk and tail somites, blood and the heart were present in these embryos (although the last was variably reduced). As with zygotic sur mutants, the phenotypes of MZsur mutants could be rescued by injection of wild-type fast1 mRNA, whereas fast1-m768 RNA did not have detectable rescuing activity (Figure 2d-f) .
The finding that fast1 is disrupted in sur mutants shows that it is required for the development of dorsal axial structures and the establishment of left-right asymmetry. In addition, the shared features of the sur, sqt, cyc and oep mutant phenotypes support a role for fast1 in the Nodal signaling pathway. Mutants in all four genes display cyclopia (to a variable extent in the case of sqt and sur), and the floor plate is disrupted in sur, cyc and oep mutants [1, 3, 4, 9, [21] [22] [23] [24] [25] [26] [27] [28] [29] . All four mutants also have defects in prechordal plate development, although there are phenotypic differences in the time of onset and extent of these disruptions. Asymmetric expression of lefty1, lefty2, and pitx2 is abolished in sur and oep mutants, suggesting that sur and oep mutants have a similar inability to respond to Nodal signals required for left-sided gene expression [25, 30] . Despite these phenotypic similarities among sur and other Nodal pathway mutants, zygotic and maternal-zygotic sur mutants have less severe defects than observed upon complete loss of Nodal signaling. For instance, sqt;cyc double mutants and maternal-zygotic oep mutants lack trunk somites and blood [1, 9] , which are present in MZsur mutants. Similarly, expression of gsc and axial is not detectable in sqt;cyc and maternal-zygotic oep mutants during gastrulation, but these transcripts are evident (at levels reduced from wild type) in MZsur mutants. These results support a role for Fast1 as a transcriptional effector in the Nodal signaling pathway, but also provide genetic evidence that there are fast1-independent actions of Nodal signals.
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